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GUIDE VANES ON -OR STALL CEARACERISTICS OF A 

HIGH-PRESSURE-RATIO ! L W H U E F  E N G m  AT ALTITUDE 

By W i W  E.. Wlett and Donald E. Groesbeck 

SUMMARY 

The s t a l l  chmacteristics of the J71-M(X-29) turbojet engine were 
determined in &ZL al t i tude  tes t  chamber a t  the Lewis hboratory. The en- 
gine i s  equipped with two-position inlet  guide vanes and interstage 
bleeds. The stall  u r n i t s  of the normal high-speed configuration of 
bleeds closed, Wet  @de vanes qpen, and the narmal lar+peed conf'igu- 
ration of bleeds open, inlet @de vanes closed were obtabed over a 
range of altitudes f'rm 15,000 t o  50,000 feet at 0.4 Mach m b e r  and 
over a range of corrected speeds frm 2000 t o  6000 rpan. In addition, 
the effects of opening the  bleeds and closing the inlet guide vanes in- 
dependently were ktemined. 

when the normal high-speed configuration of bleeds  closed, in le t  
guide vanes  qpen was operated in  the low-speed range, the staU"lhit  
line  intersected  the  operating  line  at- 4067 and 4630 rp. Operation 
with the high-speed configuration was hpossible between these speeds. 
The normal low-speed configuration of bleeds open, inlet guide vanes 
closed  provided the greatest Fmpravement i n  stall margin in the criti- 
cal speed range frcan 3250 to 5000 rp. Opening the  bleeds (wfth inlet 
guide vanes open) tended to e W n a t e  the hee in  the stall-limit line; 
while .closing the  inlet guide vanes (with  bleeds  closed) shfFted the 
knee to a lower speed. Lncreasing altitude reduced the stall margins 
of each variable-gemetry  configuration  investigated. 

INTRODUCTION 

The need f o r  turbojet engines with high thrust, low specific m e 1  
consmption, and low frontal =ea has led to the use of high-pressure- 
ratio, ada l - f low caqressars. These ccaqpressors have  good performaace 
near  design speed; 
became  mismatched. 

however, as speed fs reduced the canpressor stages 
The mismatching problem tends to becane more serious 
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a6 the w b e r  of cam3p.essor  stages is increased  to  attain  the  desired 
high  pressure  ratio. As indicated  in  reference I, mismstching  causes 
the  inlet  stages  to  operate i n  a low-efficiency, Ugh-angle-of-attack 
region  at l o w  speeds. This deterioration  in  the  performance of the 
inlet  stages may result in a knee  in  the  canpressor  stall  line such 
that  when  the c q r e s s o r  is  used  in an engine,  serious  part-speed  ac- 
celeration  problems w y  occur. The steady-state  operating  line may 
be  very  close to the stall"limit line in t h i s  low-speed  range, making 
acceleration  difficult and slow; or the  steady-state line may actually 
intersect the  tall Une, making acceleration  impossible. 

References  and 2 indicate  several  solutions  to  the pb-qeed 
problem8  through the use  of  veJ.iable-gemetry  canponents  that do not 
cmprmise design-speed  performance.  These  include  adjustable cam- 
pressor  inlet  guide  vanes a d  stators,  ccanpressor  interstage or exLt 
bleed,  adjustable  turbine  stators,  and  two-spool  engine  designs. The 
engine  reported here.b utilized  two  of  these  variable-geometry ccarrpo- 
nents,  two-position.inlet guide vanes and canpressor  interstage  bleed. 
During high-speed  operation,  the  bleeds  are  closed Etna inlet guide 
vanes open. During part- and low-speed operation, the  bleeds m e  open 
and inlet guide vanes  closed.  The  stall  characteristics of' these  two 
canpressor  conf'igurations were determined i n  an altitude  test  chamber 
at tlre NACA LeKis laboratory. In addition,  the  effects of opening  the 
bleeds and closing  the M e t  &de  vanes  individually were determined. 
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Rata  were  obtained  to  show the compressor  pressure  ratio and 
engine-fuel-flow  stall margins of the design-speed  configuration  and 
the  effects of inlet guide vaaes and interstage  bleed,  individually 
and  combined, on these =gins. The  data  cover a range of engine 
speeds f'rm 2000 to ,6175 rpm (approximately 32 t o  100 percent of rated 
speed) and a range of altitudes fYm l5,OOO to 50,000 feet  at 0.4 mch 
nmber . 

Ehgine . 

The J71-A2 (X-29) turbo  jet  engine (fig. 1) has a bifurcated Met, 
a 16-atage axfd-flow cqressor with  ei&-&-.stage  bleeds and two- - 

position  inlet  @;uide..vanes, a canndar-tme ccebus.tor.  wlth..tep  circular .. . . . .- 

inner liners, a three-stage  turbine, an afterburner, and an ejector-type 
exhaust  nozzle  with  both  primary and secondary  nozzles of the  continu- 
ously variable  iris-type.  The  ejector was removed  for t h i s  investfga- 
tion.  The  engine  has a static  sea-level  military thrust rat- of c 

10,000 pounds (nonafierburning) at a rotor  speed of 6175 r p n  and an 
exhaust-gas  temperature of 1240° F indicated by the m&nufactwrer*s 
thermocouples. 
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The 16-stage &al-flow compressor has a constant t i p  diameter of 
3% inches with an inlet hub-tip radius ra t io  of 0.55 and exLt hub-tip 

radius ra t io  of 0.90. A t  static  sea-level  rated  conditions  (bleeds 
closed, inlet guide vanes  open), the canpressor air flow is approd- 
mate- 165 pounds per second; the. pressure ra t io ,  &z; and the  effi- 
ciency, 81 percent. 

I 
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The 43 two-position inlet guide vanes ro t a t e  tbraugh an angle of 
ZOO. The open position  (reference ang~e, zero)  correspond^ t o  an angle 
of 14O wtth the engine axis {measured neaz the blade root]; Wle  the 
closed  position  (reference w e ,  ZOO) corresponds to an w e  of 340 
with the engine &s. The interstage bleed system i s  divided  into four 
units located symmetrically about the engine &s. Each unit consists 
of a groove i n  the ccqressor case oyer the  eighth-stage rotor, a 3-inch- 
diameter port, a butterfly-type valve, and suitable ducting. Each 
groove covers about 80° of the circumference and gra&uaUy increases in  
depth f'rm the ends t o  the middle, The port, located at the & W e  of 
the groove, i s  the f l o w  restriction when the valves are -en. The COT- 

rected air flow through the bleed s;ystem is  about 8  pound^ per second i n  
the intermediate speed range fram 2500 to 5000 xp. 

The manufacturer' s control system changes the bleed and Inlet-guide- 
vane positions slmUltaneousw at  an eng~nie speed of 5300 rp (86 percent 
speed). Above 5300 rpn, the  bleeds rn closed and guide 0P-j be- 
low 5300 qn, the  bleeds are open and guide vanes closed. For this Fn- 
vestigation,  the  control system was m o d i f l e d  so that bleed and guide- 
vane positions could be regulated independently. In or&r t o  evaluate 
the effects of bleeds and inlet guide vanes, inaividually and canbined., 
the positions were fixed 8s indicated i n  the following table: 

~ 

Configuration Inlet-guide-vane Bleed 
designation positdon  position 

A (B-C., V-0) Closed 
Open B (B-0, V-0) 

Open, oo 

Closed, ZOO Open D B-0, V-C] 
Closed, 200 Closed C B-C, V-C 
open, oo 

( 4  

t 

Conf'igurations - A  (B-G, V-0) and D (B-0, V-C> correspond t o  the .manuf'ac- 
turer's nom1 schedule for speeds above ELna below 5300 actual rpm, 
respectively. 
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The  altitude test chamber in which  the  engine was installed  is 10 
feet  in  diameter and 60 feet long and is  divided  into  two  ccpnpartments. 
Air,  at  pressures  and  temperatures  simulating  the.  desired  flight  candi- 
tion, was supplied  to  the  front c e m e n t  and  ducted  into  the  engine 
through a bellmouth and a venturi used to  measure  the  steady-state  air 
flow.  The rear cmpa.rtment J which contained the  engine  and  thrust  meas- 
uring PhtfOmJ was mautained at the desired  ambient  exhaust  pressure. 
An  automatic  bypass  valve  in  the  bulkhead  maintained  constant  canpressor- t" 

inlet  tots1  pressure during transient  operation. A bypass-type  regula- 
tor (ref. 3) was used in place of the n d  engine control to pro- 
vide  the  step  increases in me1 flow  (see  Procedure).  Figure 2 is a 
photograph of the engine  installed in the test chamber. - 
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Instrumentation 
L 

Instrumentation  for  measuring  steady-state  pressures and tempera- 
ture was installed  at  various  stations throughout the  engine as a h a m  
i n  figure l(a). The  table  presented in figure  l(a>  indicates  the number ;I 

and  types of steady-state  measurements  obtained  at each station. The 
pressures  were  recarded on manmeters and photographed;  the  temperatures 
were  recorded on self-balancing  potentimeters.  The  steady-state  fuel 
flow m s  measured by calibrated  rotameters. 

Table I shows  the  instrumentation  and  parameters  measured during 
transient  operation. The low-speed  oscillograph  instrumentation far 
recording  transient  pressures and engine  speed  had a flat  frequency 
response  to  about 15 cycles  per second and responded  to.  frequencies 
of about 75 cycles  per  second  with sane attenuation.  The f l z e l - f l o w  
instmentation had a greater  time h g J  which dfd not  affect  its usage 
for  measuring  fuel-step magnitudes. The exhaust-gas  temperature w&s 
measured with an uncapensated  thermocowle .that had a time lag depend- 
ent  upon operating conditions.  The  high-speed  oscillograph  instrumenta- 
tion  used only to  determine  rotating s t a l l  frequencies  responded  to fre- 
quencies of about 200 cycles per second. 

Procedure 

The  inlet  pressure and temperature  and  ambient  exhaust  pressure 
were  set  to  simulate  the  desired  flight  condition. The steady-state 
data were  recorded  at a given engb speed. Then successive fuel 
steps of increasing magnitude (each  initiated fccan the same steady- 
state  point)  were  put  into  the  engirte  until  the  compressor-&" 
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pressure r a t i o  and the Azel flow a t  s t a l l  were determines. 'RE follow- 
in@; table summarizes the  conditions at  which the d a h  were obtained: " 

Altitude., Exhaust-nozzle Engine speed Conffguration -ne-inlet Mach 
rt position range,  temperature, number 

OF N/*, m 

(H 
"I 

0 
4 

l5,OOO 

R a t e d  4700 - 6000 -30 0.4 35,000 
open &3750 - 4750 .4 15,000 
open &4500 - 5000 50 0.4 

35,000 .4 2000 - 6000 open 
35,000 

open .4 35,m 
open 2000 - 6000 .4 35 ,coo 
open Zoo0 - 6000 .4 

50,000 Open -30 0.4 
50,W open .4 

amper limit due t o  fuel-system flow limit. 

The transient  pressure  ratio and fuel f l o w  were detemined fkan the os- 
cillograph  traces  taken during transient operation. A limited amount 
of high-speed oscillograph  traces w e r e  obtained during steady-state and 
transtent  operation t o  indicate the  existence of rotating s-. 

The fuel used  throughout this investigation was MIL-F-562U, grade 
JP-4, with a lower heating value of 18,700 Btu p r  pound and a. hydrogen- 
carbon ra t io  of 0.17. The symbols used i n  t h i s  report are given in  the 
appendix. 

REEULTS AND DI6CUSSION 

In  order t o  facilitate an unders.t;anding of the data t o  be presented, 
the  effects of f'uel steps on engine operation will be discussed  briefly, 
typical  oscillograph  traces wi l l  be  presented, and several terms will be 
defined. Ideally, a step increase Fn fuel flow instantaneously ra ises  
the  turbine-inlet temperature, cawing the ccaqpressor qeerating  point t o  
move flroan the  steady-state  value t o w d  stall  along a constant-speed 
line. The cabination of the new carpressor  operating  point, new tu- 
bine  operating  point, and fixed exhaust-nozzle mea results in an excess 
torque which increases  the rotor  speed. However, if the Azel step is 
$00 large, the ccmpressor will be forced  into etall. me term stall is 
used to  indicate  the breakdm of normal air f l o w  through the  canpressor 
due t o  flow separation from the carpressor blades. This stall, as will 
be shown by the data, resulted in either a  single-zone rotating stall or 
eI;@;ine surge. 
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Figure.2 is a typical  oscillograph  trace  of a successful  accelera- 
tion. Trace 5, although  measured with a time Lag, shows the e t u d e  
of the  fuel  step; and trace 1 (fie1 manifold  pressure} ShaJS that  the 
Fuel  change  occurred almost instantaneously.  The  compressor  dtscharge 
pressure  (trace 3) and exhaust-gas  temperature  (trace 4) increased, in- 
dlcating the changing ccaqponent  operating  points. "ace 6 shows the 
resultant  speed increase. 

When,  at high speeds, fuel steps k g e  enough  to  cause  canpressor 
stall were put  into the -ne, the  carpressor stall caused  engine  surge 
and  canbustor blowout (hereinaf'ter  called  surge  blow-out).  Typical os- 
cillograph  traces  showing a surge  blow-out  are wesentea in f'igure 3. 
When  the ~zel step was initwted {fig. 3(a)} the ccrmpressor-ascharge 
pressure,  exhaust-gas  temperature  and engine speed began  to  increase as 
in  figure 2; however, the catpressor-discharge  pressure was forced  too 
high and surge  blow-out  occurred.  The  surge  is  indicated by the b g e  
fluctuations  in  inlet  pressure, and the  ensuing  blow-out Isy the drop in 
compressor-discharge  pressure,  exhaust-gas  temperature, and engine 
speed. The t o t a l  and static  pressures  through  the  canpressor were re- 
corded on the  high-speed  oscillograph  traces i n  figure 3(b).  (Note  the 
difference Is chart speeds  between figs. 3(a) and (b) . 1 These  traces 
show randcBn fluctuations  at  steady-btate  operation,  the  pressure in- 
crease during the  fuel  step, and pressure drop after smge and blow-out. 

At low speeds,  canpressor stdl resulted in a severe  single-zone 
rotating stall. IXgure 4 presents  typical  oscillograph  traces of W e  
stall.  Here also the  speed began to  increase following a fuel step, 
until  the  single-zone  rotating stall was encountere& (flg. 4(a)). The 
single-zone  rotating  stall is indicated by a reduction in ccmgressor- 
discharge  pressure,  the high frequency fluctuations in ccanpressm-inlet 
and  discharge  pressures, an increase in exhaust-gas  temperature, and a 
very  slight  decrease i n  engine  speed.  Reducing  the fuel f l o w  to  the 
steady-state value did not eUminate the rotating stall. The duration 
of  the  high-speed oscillograph trace  (fig. 4(b)) is  indicated on figure 
4(a). The high-speed traces  clearly show the freqmncy of the pressure 
variations of the  single-zone  rotating  stall.  (These  traces also show 
a four-zone  rotating stall, which is the type of rotating stall most of- 
ten  encountered d o n g  the  steady-state  uprating line and will be a s -  
cussed  later. ) Recovery frm the  single-z.one  rotating stall waa erratic. 
One or more of the following procedures was necessary:  reducing fuel 
flow  to  the  steady-state  ValGe or  lower, opening the  bleeds,  closing  the 
inlet guide vanes, or in  extreme  cases  even  shutting off the fuel f l o w  
and relighting  the  englne. 

Compressor  Performance  at  Steady  State and Stall 

During normal engine  operation,  the manufacturerls control  system 
changes  the  bleed and guide-vane  positions  simultaneously at an engine 
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speed of 5300 ~psn. The bleeds  are  closed and guide  vanes open above 
5300 rpm, wbile below 5300 rp, the bleeds  are open and guide vanes 
closed. Thus as  the  ccmpressor-inlet total tpslperature varies with 
altitude and flight Mach der, the corrected speed f o r  the change- 
over will vary. For  example, increasing fl ight Mach  nwnber frm 0.8 
t o  1.5 in the tropopause will increase  the  inlet total temperature 
frm 443O t o  570° R and resul t   in  a reduction in the  chmge-mer cor- 
rected speed frm 5737 to  5057 rpm (93 t o  83 percent of rated). 

The data t o  be presented showing the  effects of the variable- 
ccnnpressor g e m t r y  were obtained at a simulated flight condition of 
35,000 feet  altitude, 0.4 Mach nmiber, and -30° F Fnlet t o t a l  temper- 
ature. All cmparisons all be made a t  these  conditions  unless other- 
wise speciried. Also for convenience of discussion,  the data, w h i c h  
were obtabed over a corrected speed range from 2000 t o  6000 rpm, were 
arbitrari ly divided into high- and low-speed ranges above and b e l o w  
5000 qn, respectively. This arbitrary  division i s  used throughout 
the remainder of the report. 

Design-speed configuration. - The c q r e s s o r  pressure  ratio  at 
steady state and staJl for the design-speed configuration A (B-C, V-0) 
i s  presented in figure 5 as a Function of cmrected engine speed for 
both rated and open exhaust-nozzle a r e a s .  The stall points are shm 
at the speed at  which stall occurred, as determined frcm the 0 ~ C i l l 0 -  
graph traces. In the high-speed region (above  5000 rpa) steady-state 
operation was s t a l l  free with either open or rated exhaust-nozzle area, 
and the margin .between the stall limit and operating line increased 
rapidly  as speed w a s  increased. In addition, the ccanpressor-stall  pres- 
sure ra t io  was independent of  the exhaust-nozzle size,  as would be ex- 
pected, and every  time stall was encountered,  surge blow-out occurred. 
S t a l l  data at  corrected speeds higher than 6200 rpm could  not be ob- 
tained because of the danger of averspeeding the engine, but steady- 
s ta te  data were obtained with rated  e-ut-nozzle area ug to a  cor- 
rected speed of 6750 rp with no ccxnpressor stall being  encountered. 

In the low-speed region (below 5000 rpn) the knee in the canpressor- 
stall  limit line  intersected the open exbust-nozzle steady-state oper- 
ating *e a t  4075  and 4630 rp. When the stall limit was approached by 
decreasing engine speed, surge blowout  occurred a t  4630 rp?.rt. When the 
stall limit was approached by increasing engine speed, the severe single- 
zone rotating stall encountered a t  4075 rpm and the resultant excessive 
exbust-gas temperature  Umited operation. A t  speeds below 4075 rpn, 
steady-state  operation was possible, but the margin between the steady- 
state and stall U t  was small. Steaw-state four-zone rotating s t a l l  
extsted between 3430 and 3825 rpm; below these speed&, pressure  fluctu- 
ations were observed i n  the  canpressor  but no definite stall pattern ex- 
isted. Fuel steps in  this low-speed region caused single-zone rotating 
stall  either  at   the stall pressure ra t io  or,af’ter  acceleration to 
4075 rpm. 
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The  shape  and  relation of the  stall  line  to  the  steady-state  oper- 
ating  line  is  indicative of the  stage  mismatching  at low speeds and good 
matching  at high speeds,  as  discussed i n  reference 1. With  this  can- 
pressor  configuration,  englne  acceleration *can low to high speeds was 
impossible  because  of  the  intersection of the s t a l l  and steady-state 
lines. 

Effect  of  interstage  bleed. - Canpressor  interstage  bleed,  as was 
previously  mentioned, may be  used  to  improve  part-speed  performance 
(ref. 2). The  selection  of  the  bleed  location  and  amount of air bleed 
is a cmplex problem  and depends upon the  specific  ccnqpressor  character- 
istics. Generally, in the  low-speed range, the  inlet stages stall be- 
cause  the  compressor-exit  stages  are  choked.  Interstage  bleed  increases 
the  weight  flow through the inlet  stages, which reduces the angles of 
attack  of  the blades in  these W e t  stages and improves the perfannance. 
In the  high-speed  region where t& inlet stages are  choked,  interstage 
bleed  can only =use a reduction in performance. 

The  steady-state (open eaust nozzle)  and SIKU pressure  ratios 
for configuration B (B-0, V-0) are shown in figure 6 &long with  the 
steady-state  and stall lines for  configuration A {B-C, V-0) from fig- 
ure 6 so that  the  effects of bleed ruay be  noted. In the high-speed 
region,  steady-state  operation was stall  Free, asd surge  blow-out was 
encountered  at  the  stall  pressure  ratio. 

In the  low-speed  region  (below 5000 rpm) continuous  operation  along 
the  steady-state-  operating  line was possible. However,  four-zone  rotat- 
ing  stall  existed  between 2725 and 3415 r ~ g n  along the  steady-state  uper- 
ating  line.  At  the  stall  pressure  ratio in a s  law-speed  region, 
single-zone  rotating  stall was encountered. The effect of interstage 
bleed on the  margin  between  steady-state  ageration and the stall limit 
was not  appreciable  except i n  the  region.of the knee in the stay line. 
The  severity of the  lmee vas =Wed; that  is, a substantial -gin be- 
tween  the  steady-state and stall lines resulted.  At high speeds, both 
steady-state  and s t a l l  pressure ratios were  reduced; while at low 
speeds,  they were increased s l i g h t l y .  

Effect of inlet &suide vanes. - The  use of adjustable W e t  guide 
vanes, as mentioned in the INTROIXTCTION, is .another .met&@ of improving 
compressor part-speed performance  (ref. 1). ~n the  lOW-6peed  region 
where  the  inlet  stages  are normally stalled, closing the  inlet  guide 
vanes  increases  the  turn- of the air so that  the angle of attack on 
the  first  rotor  is  reduced. This tends  to unstall the  blades  and im- 
prove  the  performance of the  inlet  stage.  Ordinarily  guide-vane ad- 
justment  alters  the  operating  point of the first stage  but has little 
effect on the  remaining  stages.  Reference 1 indicates  that  closing in- 
let  guide  vanes  tends  to  reduce the speed  at  which  the  knee in the  stall 
line occms but  not  necessarily  its  severity. In the  hLgh-speed  region, 
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region, c l o s b g  the inlet guide vanes again lowers the angle of  attack 
of the  inlet  stage, which is now operating near or at  its  design  point. 
This results in a loss of performance in most cases. 
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The  steady-state (open e u s t  nozzle) as& s t a ~  compressor'  pres- 
sure  ratio  for  configuration c (B-C, V-C) are shown in figure 7. The 
steady-state  and stall lines  for  the  design-speed  configuration A are 
included for caparison. In the  high-speed  region,  steady-state oper- 
ation was st&  f'ree, and surge blow-out occurred at the s t a l l  pressure 
ratio.  Both  the  steady-st&e and stall pressure  ratios  Irere  reduced as 
anticipated. In the low-speed  region  (below 5000 r p )  continuous oper- 
ation along the  steady-state  line was possible  although  aperation was 
marginal at 3900 rpm. Closing the W e t  guide vanes shifted  the  lmee 
in the stall line to a lower speed,  but  did  not change its  aeverity  ap- 
preciably.  Four-zone  steady-state  rotating stall was encountered  be- 
tween 3475 and 3875 rpm, about  the same speeds a6 with vanes open. 2.1 
this  low-speed  range,  single-zone  rotating stall again occurred at the 
s t a l l  pressure r a t io .  

Cmbined effects. - The  carbineti  effects of opening  the  bleeds and 
closing  the  inlet guide vanes,  conf'iguration D (B-0, V-C), on the 
steady-state  (open  exhaust  nozzle) and stall  pressure  ratios  are pre- 
sented in figure 8. For c-ison, the  steady-state and staJJ- lines 
far configuration A (B-C, V-0) are  included. In the  bigh-speed  region 
(above 5000 r p )  steady-state  operation was stall  free, and at  the s t a ~  
pressure  ratio, surge blow-out was still  encountered.  The  stall and 
steady-state  pressure  ratios for configuration D were  reduced  more  at 
high  engine  speeds than by either  opening the bleeds or closing the in- 
let guide vanes fndfvLdually. 

In the  low-speed region, continuous  operatiop along the  steady- 
state  line was possible  and no steady-state ro ta t ing  stall was observed. 
At  the stall pressure  ratio,  single-zone rotat ing s t a U  occurred rq! to a 
speed of 3500 rp, and surge blow-out  occurred at higher speeds.  The 
cmbined effects of the bleeds and m e t  guide vanes essentially  elfmi- 
nated  the  knee in the stall  line. A substantial margin between  the 
steady-state  operating  line and the stall line resulted at -carrected 
engine  speeds above 3000 rp. As m s  mentioned  previously, this con- 
figuration  is  scheduled in the  manufacturer*s  control s y s k  at  actual 
speeds  below 5300 rp. Thus at the  specified flight condition  (inlet 
temperature, -30° F) the  engine  would  operate wfth bleeds open and in- 
let guide vanes  closed q to a corrected  speed of 5825 rpn. 

Caparison of configurations. - The  effects of opening  the  bleeds 
and closing  the  inlet  guide  vanes,  individually and ccpnbined, on the 
cqressor steady-state and stall  limit  lines are canpaxed in figure 9, 
which  gives  the  variation of pressure-ratio  acceleration  margin  with 
engine speed. The  pressure-ratio  acceleration =gin is  defined as the 
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difference between the st&ll-limit pressure r a t i o  and the  steady-state * 
pressure rat io  divided by the steady-state  pressure  ratio. This margin 
is an approximate index of the  acceleration  potential of the engine. 
However,. the margins obtained with different engine configurations' aze 
not always directly comparable  because  of  changes i n  the steady-state 
operating  lines. In the  cri t ical  part-speed range between 3000 and 
5000 rpm, opening the bleeds and closing  the inlet guide vanes (combined 
effect-configuration D) gave the  greatest  increase i n  acceleration mar- 
gin. A t  a.corrected engine speed of 4500 -, this margin corresponded 
t o  an acceleration rate of about 500 r p m  per second at an altitude of 
35,000 feet and flight Mach nmiber of 0.4. Above 5000 qm, closing the 
inlet guide vanes with bleeds clo.sed (configuration C) gave the greatest 
acceleration margin. Below 3000 rpn, a l l  conf'igurationa had  about the 
same margin. 

0 F. 
PC 
m 

A d d i t i o n a l  insight into the effects of the  bleeds and M e t  guide 
vanes may be gained by  examining their  effects on the  steady-state (open 
exhaust  nozzle)  canpressor efficiency and a i r  flow as shown in figure 
10. In the high-speed region where the  inlet  stages choke, opening the 
bleeds had l i t t l e  effect on inlet  air flow, and the  caupressm  efficien- 
cy was lowered. (The method used t o  calculate  cmpressor  efficiency is 
defined in  the appendix.) In the low-speed region where the eldt stages 
choke and the inlet stages  tend t o  stall, opening the bleeds  increased 
the inlet  air f l o w  thus rematching the Inlet and d t  stages, causing 
the campressor efficiency  to  increase. (The amount of bleed air at dif- 
ferent engine speeds is shown i n  fig. 10. ) Clos€ng the M e t  guide 
vanes i n  the high-speed region reduced the inlet  air flow because the 
inlet flow area was decreased and also reduced the carpressor effi- 
ciency. In the low-speed region,  closing me in le t  guide vanes had Ut- 
t l e   e f fec t  on the inlet air flow because the ccrmpressor exit stages were 
choked. However, the canpressor efficciency was increased,indAcating the 
favorable rematching of the  canpressor  stages. 

- 

.. 

A s  was prevfously mentioned, the manufacturer  schedules the control 
t o  operate on an actual engine-speed basis (5300 rpm) and not a corrected 
engine-speed basis. Thu, at  an in le t  temperature -30° F, the bleeds 
close and inlet  guide vanes open a t  a corrected engFne speed of 5825 rpm. I n  contrast t o  the manner that the  control  operates,  the steady- 
state and s ta l l   l ines  of a canpressor are primarily a function of the 
corrected engine speed (figs. 5 t o  9). Therefore, once the  cri t ical  
region in  the knee of the stall l ine  has been passed by and reasonable 
acceleration  rates  obtained, it would be advantageous t o  actuate the 
variable-gemetry  configurations t o  their normal high-speed configura- 
tion. This manner of operation would be most satisfactory i f  done on 
a corrected speed basis because it would allow  operation at the peak a 

colnponent and over-all perfomance level  possible a t  any given  corrected 
speed. 

a. 



NACA RE9 ES5G27 11 
r 

w 
-3 

0" 

.!d 

n : 

Effect of altitude. - The effects of altitude on the  steady-state 
and stall limit pressure  ratios of two configurations, A {B-C, V-0) and 
D (B-0, V-C), were determined and are presented i n  f'igure 1l. Iacreas- 
ing altitude frcm 15,000 to 50,000 feet  had Uttle effect on the steady- 
state  pressure  ratio for configuration A ( f ig .   l l (a ) )  but the  stall- 
Unit pressure  ratio was reduced. For configuration D (fig. U{b) ) in- 
creasing altitude had l i t t l e   e f fec t  on the stall-llmit pressure  ratfo, 
but the steady-state  pressure ratio was increased. The net result for  
each configumkion was a  reduction of stall margin with increasing al- 
titude as s h m  i n  figure 12. The speed for wbich stall-limit 
data were obtained at 15, OOO feet was low be,&, of the f l o w  limit of 
the Azel system. 

Fuel Flow at steady State and S t d l  

Ln order for  the engine reported--herein to accmplish  a  successful 
acceleration, the scheduled fuel flow must 'not cause canpressor stall 
that would resul t   in  a  single-zone rotating stall or surge blow-out. 
Data are  therefore  presented to show--the limiting fuel f l o w  Over a range 
of engine speeds that would just avoid t h i s  ccanpressor stall. 

Canparison of c  ations. - The fuel flow at steady state and 
at s t a l l  for the fm=ressor configurations (A, B, C, and D) is pre- 
sented in figure 3.3. The data were obtained by making step  increases i n  
fuel flow fYc?n a  given s t e w - s t a t e  operating point until the s t a l l  val- 
ue was determined. In the region of the s t a l l  line,  the solid symbols 
indicate  the p o b t s  far which stall occurred, -le the open synibols in- 
dicate  the no-stall points. All transient fuel-flow d u e s  axe shown at 
the speed a t  Uch the fuel-step was inltiated. 

The trends of the fuel-flow curves are s fh i lax  to those of the re- 
spective ccanpressor-pressure-ratio curves of figures 5 to  8. A direct 
caparison of the  canfigurations i s  made Fn figure 14, which shows the 
variations  in the f u e l - f l o w  s t a l l  masgins with engine speed. The fuel- 
flow stall margin is defined as the affference between the staLL-umFt 
fuel flow and the  steady-state f'uel f l o w  divtded by the steady-state 
fuel f low.  The fuel-flow s t a l l  margins clearly show the adverse effects 
of the b e e s  in  the stall-llmit lines and the Fzaprovements effected by 
the   miable-gemtry  cmponents. 

EfPects of altitude. - The effects of altitude on the steady-state 
and stall-limit fuel flows of configurations A and. D m e  presented in  
f'igure 15. Increasing  altitude frm 15,OOO to 50,000 feet  affected the 
fuel flows i n  a similar manner as the messure ratios of figure I L  cam- 
ing a reduction i n  the fuel flow- s t a  -gins as shown i n  figure 16. 
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The  effects of the  canpressor  interstage  bleed  and  two-position in- 
let guide vanes, im3LviduaU.y and  cmbined, were investigated to deter- 
mine  their  effectiveness in alleviating the part-speed stall margin of 
the J71-A2 (X-29) turbojet  engine.. - . - - - . 

. . . . . . . . .. . .  . . . - - " 

Opening the bleeds  with  guide  vanes  open  tended  to  eliminate  the 
severe  knee  in  the stall line and made  steady-state  operation (wlth 
open  exhaust nozzle) possible through the entire  speed  range. In the 
Low-speed  range, opening the  bleeds  increased  the  campressor  efficiency 
and  raised  both  the  steady-state  operating  line and stal.1 line  but in 
such a manner so as  to  Fmprove  the  acceleration  margin. Closing the in- 
let guide vanes with bleeds  closed  caused  the knee in the  stall Hne"bo 
shift to a lower speed  although  the  severity  of  the knee was not changed 
greatly.  Steady-state  operation with upen  exhElust nozzle m6 marginal 
between 3800 and 4000 rp .  In the  low-speed  range  below  the  knee i n  the 
stall line,  closing the inlet  guide  vanes  increased  the  canpressor  effi- 
ciency and slightly  raised  both  the  steady-state  operating line and 
stall line  but  did  not  improve  the  acceleration margin to .my degree. . 
The  cambined  effect of opening  the  bleeds and closing the inlet guide 
vanes  (the  manflacturer's nom low-speed c-ation) provided the 
largest  fmprovements  in  the  stall margins in the critical  speed range 
between 3250 and 5000 r p  (53 to 81 percent of rated  speed). 

.. 

Increasing  altitude  slightly  reduced  both  pressure  ratio and fuel- 
f l o w  stall margins of each variable-gemetry  configuration  investigated. 

I-. C 
ec 
r. 

Lewis Flight  Propulsion  Laboratory 
National PLdVisory Committee for Aeronautics 

Cleveland, Ohio, August 1, 1955 
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APPmIX - SYMBOLS 
The following symbols  axe  used in this report: 

stagnation  enthalpy, B~U/UI 

rotative  speed, rp 

total  pressure,  lb/sq ft 

total taperatwe, 91 

air flow, lb/sec 

rUel flow, lb/hr 

ratio of total  pressure  to NACA standard sea-level pressure, P / ~ U  

canpressor  efficiency 

ratio  of t o t a l  temperature  to NACA standar& sea-level  temperature, 
T/519 

Subscripts : 

b bleed  (eighth stage)  

Numbered  subscripts  refer to instmentation stations within the  engine 
(fig. I). 

Equation for  obtaining  compressor  efficiency: 

1. Medeiros, Arthur A . ,  Benser,  William A . ,  and Hatch,  James E.: hly- 
sis  of  Off-Design  Performance of a =-Stage M a l - F l o w  C!cmpressor 
with Various  Blade  Modifications. MCA RM E52LO3, 1953. 

2. Rebeske , John J. , Jr . , a d  Dugan, James F., Jr . : Acceleration of 
High-Pressure-Ratio  Single-Spool  Turbojet Engine as Determined 
frm Cauponent  Performance  Characteristics. I1 - Effect of Cm- 
pressor  Interstage A i r  Bleed. IUCA RM E3ED6, 1953. 
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3. Ot to ,  Edward W., Gold, Haxolti, and Hiller, =by W.: Design and 'Per- 

formance of Throttle-- Fuel Controls for -ne Dynamic Studies. 
N.Am TN 3445, 1955. 
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TABLE I- - TRANSIENT INsTRuMEmTATIOA 

(a) Six-channel  oscillograph (low speed); maxFrrmm l i n e a r  chart speed,  50 mm/sec. 

Channel 
number 

-I- 

t 
” 

I 

I 

I 

- 

Parameter  ’ Engine 
s t a t i o n  

Fuel   manifold - 
p r e s s u r e  

roqal p r e s s u r e  

Total 

3 Total p r e s s u r e  

2 

temperature 

- Fuel  flow 

5 

Engine speed - 

~~ ~ ~~ ~~~ 

Trans ien t   i n s t rumen ta t ion  

Aneroid- type pressure sensor ,  w i t h  s t r a i n -  
gage element. 

Single  thermocouple;  uncompensated. 

a-c Output of flowmeter rectified Ki th  
voltage p r o p o r t t o n a l   t o  fuel flow. 

Engine  tachometer-generator; a-c rectified 
with v o l t a g e   p r o p o r t i o n a l   t o  speed. 

(b) Eight-channel  oscillograph (high speed)  j -imum linear c-hart speed,  approx. 50 in/sec. 

Channel 
number 

Parameter  

T o t a l   p r e s s u r ’  

Tota l   p ressur1  

T o t a l  pressur 

S t a t i c  
p r e s s u r e  

static 
p r e s s u r e  

Stat ic  
p r e s s u r e  

Static 
p r e s s u r e  

static 
p r e s s u r e  

T 
-L 

Engine 
s t a t i o n  I Trans ien t   i n s t rumen ta t   i on  

2 1  2 

Aneroid-type pressure sensor, Kith s t r a i n .  
gage element. 
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Figure .2 .  - Typical low-speed oscillograph t r i k e s  showing successful 
acceleration. Configuration A (3 -C ,  V-0); al t i tude,  35,000 feet; 
Mach number, 0.4. 
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(a) Low-speed oscillograph. 

Figure 3. - Typical oscillograph traces showing normal stem- 
state operation and fuel atep resulting in surge blow-out. 
Configuration A (B-C, V-0); aItLtude, 35,000 feet; Mach 
number, 0.4. 
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ngure 3. - Concluded, Typical osclllogragh traces sllmng normal steady-etate operation Bnd fuel rtep resulting in surge 
blow-aut. Configuratioa A (B-C, V-0) j altitude, 35,W feet; Hach number, 0.4. 
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(a) Low-speed osci l lograph.  

Figure 4. - Typical   osci l lograph traces showing steady-state r o t a t i n g  stall  
a d  f u e l   s t e p   r e s u l t i n g   i n   s i n g l e - z o n e   r o t a t i n g  stall. C o d i g k a t i o n  
A (B-C, V-0); a l t i t u d e ,  35,000 feet; Mach number, 0.4. 



(a) High-speed oscillograph. 

Figme 4 .  - Concluded. Typical oscillogmqh  traces showtug steady-etate  rotating Stall and fuel step resulting,in single-zone 
rotating stall .  Coufiguratlon A (B-C, V-O);  altitude, 35,000 feet; Mach number 9.4. 
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Corrected engine apeed, N/*. rpm 

Figure 5.  - Steady-state and atall-limit preaaure ratFoa for conilgtmation A (B-C, V-0). Lltltuds. 35,OOO 
f e e t 2  Mach number, 0 . 4 ;  inlet temperature, -30° F .  
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Figure 6 .  - Effects of opening bleeds on steady-state  and stall llmlt pmasure ratios. Inlet 
guide vaM8,  ope83 exhauat nozzle, open; altitude, 35,000 feet; Mach number, Q.4; inlet 
temperature, -30 I. 
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Corrected engine speed. K / f i ,  r p  

Figure 7 ,  - Effects of closing Inlet guide vanes on steady-state and stall-l imit pressure ratios. 
B l e e d s .  clased; exhaust nozzle. open; altitude, 35.ooO feet; Mach  number, 0.4; inlet temperature, 

' -300 F. 
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Figure 8 .  - Combined effects of opening bleeds and cloalng in le t  guide vanes on 8teady-atat.e 
and Bt8ll-Limft pressure ratios. Exhaust nozzle, opens altitude, 35,000 feet; Mach number, 
0.4; inlet temperature, -30° P. 
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Corrected engine speed, N/&, rpm 

Figure 9. - Effect of interstage  bleeds and in le t  guide vanes individually and combined on campressor- 
presswe-ratio atall margin. Fxhau~C nozzle open; altitude, 35,000 feet;  Mach ?miber, 0.4. 
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2000 2500 3000 ... . 555CKI . . I ; M x I  . . -.AIIO . -5oaQ . 1. . 5500 6000 
Corrected  engine  speed, N / A ,  rpm 

Figure 10. - E f f e c t   o f  interstage bleeds  and in le t -guide-vane   pos i t ion .   indiv idual ly  
and  combined,  on steady-stat8 air flow and  compressor e f f i c i e n c y .  Exhaust nozzle 
open; a l t i t u d e ,  55,000 feet; Mach number, 0 .4;  Inlet temperature, -30' P .  
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2000 2500 3000 3500 4000 4500  5000 5500 6Cx 
Corrected  englne speed, N/*, rpa 

( b )  Configuration B (B5, V-0); exhaust nozzle, open. 

Figure 13. - Continued. Steady-state and tranalent fuel ilows. Altltuae, 35,000 
feet;  Mach number, 0 . 4 ;  in le t  temperature, -500 F .  
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(c) Configuration C (B-C, V-C]; e-st noxzle. open. 

F i w e  13. - .Continued. Steady-state and e p s l g n t  fuel flows. Altitude, 35,000 
feet; Mach number, 0.4; inlet temperature, -30 ,F., 

30 
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(a) Configuration D (B-0, V-C);  exhauat nozzle,  open. 

Figure 13. - Concluded. Steady-state and transignt fuel flows. Altitude, 35,000 
. feet;  Mach number, 0 . 4 ;  inlet-temperature, -30 P. 
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Figure 14. - Effect of ln&ratage bleeds and inlet guide vanes, individually .Sad combined, on fuel- 
flow stall margin. "must nozzle open; altitude, 56,OOO feet; Mach number, 0.4. 
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Corraoted engine speed, N / A .  rpa 
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Figure L5. - BfYect or  altitude on steady-atate and transient ntrl flows f o r  conflgurrtions A M d  
D. Exhaust nozzle, openi Haah number, 0.4. 
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